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The tumor suppressor phosphatase and tensin homolog (PTEN) plays a central role in regulating phosphatidylinositol 3-kinase (PI3K) signaling, and its gene is very frequently mutated in various human cancers. Numerous studies have revealed that PTEN levels are tightly regulated by both transcriptional and posttranslational modifications, with especially ubiquitylation significantly regulating PTEN protein levels. Although several ubiquitin ligases have been reported to mediate PTEN ubiquitylation in vitro, the ubiquitin ligase that promotes PTEN degradation in vivo has not been reported. Here we took advantage of specific knockout mouse models to demonstrate that WW domain-containing E3 ubiquitin protein ligase 2 (WWP2) promotes PTEN degradation under physiological conditions, whereas another ubiquitin ligase, carboxyl terminus of Hsp70-interacting protein (CHIP), had no such effect. WWP2 knockout mice exhibited reduced body size, elevated PTEN protein levels, and reduced phosphorylation levels of the serine/threonine kinase and PTEN target AKT. In contrast, we observed no elevation of PTEN protein levels in CHIP knockout tissues and mouse embryonic fibroblasts. Furthermore, PTEN protein levels in CHIP/WWP2 double knockout mice were very similar to those in WWP2 single knockout mice and significantly higher than in WT and CHIP knockout mice. Our results demonstrate that WWP2, rather than CHIP, is an ubiquitin ligase that promotes PTEN degradation in vivo. Considering PTEN's significant role in tumor development, we propose that WWP2 may be a potential target for fine-tuning PTEN levels in anticancer therapies. PTEN 4 is an important tumor suppressor that has lipid phosphatase activity. Cytoplasmic PTEN mainly dephosphorylates the serine/threonine kinase AKT activator phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P 3 (also known as PIP 3 )) and thus represses the phosphatidylinositol 3-kinase (PI3K)-AKT pathway and inhibits cellular process and tumor growth (1) . In addition to cytoplasmic functions, nuclear PTEN also plays a critical role in suppressing tumor growth by maintaining genome stability (2, 3) . Numerous lines of evidence have been provided to elucidate the importance of PTEN in tumor suppression. Germline mutations of PTEN cause Cowden disease, characterized by multiple hamartomas and predisposition to tumors of the breast, thyroid, and skin (4, 5) , Bannayan-Riley-Ruvalcaba syndrome, and Lhermitte-Duclos disease (6, 7) . Somatic mutations of PTEN have also been found in various human cancers (8, 9) . Although homozygous deletion of Pten in mice causes early embryonic lethality, PTEN heterozygous deleted mice developed a broad spectrum of tumors, including colon adenocarcinomas, gonadostromal tumors, teratomas, and thyroid papillary adenocarcinomas (10 -12) . Moreover, PTEN conditional knockout mice also develop a specific type of tumors spontaneously (13) . PTEN also plays important roles in metabolism and axon regeneration (14 -16) . PTEN transgenic mice (referred to as Super-PTEN mice) exhibit a relatively healthymetabolicstatebyregulatingPI3K-dependentand-independent pathways (14) .
Different from other haploinsufficient tumor suppressor genes, a negligible decrease in PTEN expression can sufficiently promote cancer susceptibility in mice. When PTEN levels decreased to 80%, 40% of mice developed breast cancer (17) , demonstrating that the PTEN dose has important effects on tumor susceptibility and suggesting that regulation of the This work was supported by National Natural Science Foundation of China (Grant 31330021) and Beijing Natural Science Foundation Project (Z151100003915083). The authors declare that they have no conflicts of interest with the contents of this article. 1 These authors contributed equally to this work. 2 PTEN protein level is much more complicated than for other proteins. Indeed, several E3 ubiquitin ligases have been demonstrated to regulate the ubiquitylation and stability of PTEN. Nedd4-1 was the first identified E3 ubiquitin ligase for PTEN. Nedd4-1 could promote both mono-and polyubiquitylation of PTEN (18, 19) , which promote PTEN nuclear transport and proteasome degradation, respectively. Interestingly, despite the functional role of Nedd4-1 in promoting the monoubiquitylation of PTEN for nuclear transport and preventing PTEN from proteasome degradation, high levels of NEDD4-1 and low levels of PTEN have been found in a mouse prostate cancer model (18) . The roles of Nedd4-1 were challenged later by mouse models. Both the protein level and ubiquitylation of PTEN show no difference between WT and Nedd4-1 knockout MEFs (20) .
After that, XIAP, WWP2, and CHIP were identified as ubiquitin ligases for PTEN in succession (21) (22) (23) . All of them show the ability to promote polyubiquitylation and degradation of PTEN, suppress PI3K-AKT signaling, and inhibit cell proliferation. In addition, XIAP and CHIP also promote monoubiquitylation of PTEN and transport PTEN from the cytoplasm to the nucleus. Clinically, immunohistochemistry analysis showed that CHIP is highly expressed in prostate cancer tissues, whereas PTEN is expressed at lower levels, implying a negative correlation between CHIP and PTEN in the tumor microenvironment.
Although several ubiquitin ligases were demonstrated to promote PTEN degradation, no study has been done to identify the physiological E3 ligase for PTEN using a mouse model. Considering the critical roles of PTEN in suppressing tumorigenesis, it is very necessary to elucidate the physiological ubiquitin ligase for PTEN. To solve this problem, here we take advantage of transgenic and knockout mouse models, demonstrating that WWP2, rather than CHIP, degrades PTEN under physiologic conditions.
Results

The phenotypes of WWP2 knockout mice resemble those of PTEN transgenic mice
According to previous studies of the regulation between PTEN and its ubiquitin ligases, deletion of the ubiquitin ligase(s) for PTEN would lead to elevation of PTEN, meaning that the phenotypes of PTEN E3(s) knockout (KO) mice might be similar to that of Super-PTEN mice. To reciprocally validate the physical effects of PTEN up-regulation in vivo, we obtained PTEN E3 KO mice and generated PTEN transgenic mice (PTEN Tg) by adopting the same strategy with Super-PTEN mice. The genotype of PTEN Tg mice was identified through PCR ( Fig. 1A) . PTEN Tg mice are viable, and all organs examined from them weighed below normal, especially the liver (Fig.  1, B and C). The weight difference between WT and PTEN Tg mice, as indicated by growth curves, existed since 3 weeks of age ( Fig. 1D ). All of these phenotypes are consistent with the Super-PTEN data published previously (14) .
WWP2 is one of the E3s that specifically promotes PTEN degradation. WWP2 KO mice are alive but exhibit develop-mental retardation compared with WT mice; thus, we obtained WWP2 KO mice and used PCR technology to characterize them ( Fig. 1E) . Surprisingly, we found that the phenotypes of WWP2 KO mice resemble those of PTEN Tg mice, showing reduced body and organ size as well as body weight ( Fig. 1 , F-H). As shown by growth curves of WWP2 WT and KO mice, the smaller body phenotype of WWP2 KO mice occurred in the early stage of development and continued to adulthood. These results prompted us to speculate that the phenotypes of WWP2 KO mice may result from elevation of PTEN protein levels.
Deficiency of WWP2 in vivo elevates PTEN protein levels and antagonizes PI3K-AKT signaling
We analyzed PTEN protein levels in mouse embryonic fibroblasts (MEFs) of WWP2 KO mice by Western blotting. Consistent with PTEN Tg mice (Fig. 2, A and B) , increased PTEN protein levels and decreased phosphorylated AKT (Ser-473) levels were observed in WWP2 Ϫ/Ϫ MEFs (Fig. 2D ), whereas the PTEN mRNA level showed no difference between WT and WWP2 Ϫ/Ϫ MEFs and multiple tissues ( Fig. 2E ), indicating that WWP2 deletion does not regulate PTEN expression at the transcriptional level. To further confirm these results under physiological conditions, we analyzed PTEN protein levels in several major organs and tissues. As expected, PTEN levels in the brain, heart, liver, muscle, and spleen of WWP2 KO mice were increased ( Fig. 2F ), which is consistent with PTEN Tg mice ( Fig.  2C ), but the PTEN protein levels in other tissues showed no difference between WWP2 WT and KO mice (Fig. 2F ). The results of immunohistochemical staining consistently showed elevated PTEN protein expression in brain, liver, muscle, and spleen tissues of WWP2 KO mice ( Fig. 2G ). Because PTEN inhibits cell proliferation by negatively regulating the PI3K-AKT pathway, we investigated Ki-67 staining in liver tissue from WT and WWP2 KO mice. Indeed, there was significantly less Ki-67 staining in WWP2 KO livers ( Fig. 2H ), demonstrating decreased cell growth, which may be a major reason for the reduced liver size.
As reported previously, PTEN ubiquitylation and protein stability could be regulated by WWP2 upon overexpression or knockdown of WWP2 in cultured cells (22) . We found that the proteasome inhibitor MG132 effectively blocks the ubiquitin proteasome pathway in MEFs and leads to PTEN accumulation ( Fig. 3A ). To determine the overall level of PTEN ubiquitylation, WWP2 Ϫ/Ϫ and WWP2 ϩ/ϩ MEFs were pretreated with MG132 for 6 h and lysed for an ubiquitylation assay. The results showed that WWP2 deletion decreases the level of PTEN ubiquitylation in MEFs ( Fig. 3B ). As described previously, siRNA-mediated knockdown of WWP2 hardly influenced the subcellular localization of PTEN (22) , and the same effects were observed in WWP2 Ϫ/Ϫ MEFs, but the fluorescence intensity of PTEN was indeed more than that of WWP2 ϩ/ϩ MEFs (Fig. 3C ).
To determine PTEN stability in WWP2 ϩ/ϩ and WWP2 Ϫ/Ϫ MEFs, MEFs were treated with the protein synthesis inhibitor cycloheximide, and the stability of PTEN was enhanced in WWP2 Ϫ/Ϫ MEFs (Fig. 3D ). Because cytoplasmic PTEN inhibits the PI3K-AKT pathway by dephosphorylating PtdIns(3,4,5)P 3 to PtdIns(4,5)P 2 and thus mediates its tumor-suppressor func-WWP2 physiologically degrades PTEN tion (24), a PtdIns(3,4,5)P 3 phosphatase assay was applied to evaluate the ability of PTEN to restrain AKT activation in WWP2 WT and KO MEFs. Notably, WWP2 KO resulted in an increase in the PTEN capacity to hydrolyze PtdIns(3,4,5)P 3 in MEFs compared with the WT control ( Fig. 3E ). Furthermore, depletion of WWP2 led to later activation in a gradient serum concentration assay (Fig. 3F) . In contrast to AKT phosphorylation activated at 0.1% serum concentration in WWP2 ϩ/ϩ MEFs, AKT phosphorylation in WWP2 Ϫ/Ϫ MEFs was retarded to 1% serum concentration. Furthermore, an EGF stimulation assay also confirmed a shorter duration of AKT signaling activation in WWP2 Ϫ/Ϫ MEFs (Fig. 3G ). Importantly, knockdown of PTEN in WWP2 KO MEFs rescued AKT phosphorylation ( Fig. 3 , H and I). We also observed that deletion of WWP2 in vivo significantly attenuates MEF proliferation ( Fig. 3J ). Hence, we conclude that depletion of WWP2 in mice leads to elevation of PTEN protein levels and inhibition of AKT signaling. 
WWP2 physiologically degrades PTEN Physiological depletion of CHIP fails to cause changes in PTEN protein levels
To systematically describe the regulation of PTEN protein level by E3 ubiquitin ligases under physiological conditions, CHIP KO mice were raised and analyzed. We found that CHIP KO mice showed a very low birth rate (11.84%, 9 of 76), suggesting that homozygous depletion of CHIP leads to embryonic lethality. Therefore, we attempted to dissect pregnant mice and trace the livability from the embryonic day 12 (E12) to the birth day (P0). The results showed that 31.82% (7 of 22) CHIP KO mice died at the embryonic stage (Fig. 4B ), and the other CHIP KO mice died 2 months after birth. Further investigation showed that CHIP KO mice are smaller than WT mice in weight and tissue size (Fig. 4 , D and E). Although previous stud- 
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ies have shown that CHIP acts as an important E3 of PTEN and regulates the stability of PTEN, no change was detected in PTEN protein levels in CHIP Ϫ/Ϫ MEFs as well as mRNA levels compared with CHIP ϩ/ϩ MEFs (Fig. 4, F and G) . In addition, similar PTEN protein levels were observed in all tissues examined between CHIP WT and KO mice (Fig. 4, H and I) . However, there is the remarkable fact that the p-AKT (Ser-473) level shows a small increase in CHIP Ϫ/Ϫ MEFs, although PTEN remains at normal levels.
CHIP is dispensable for the regulation of PTEN stability
Monoubiquitylation of PTEN promotes its translocation into the nucleus, which results in activation of AKT, whereas PTEN protein levels are not affected. CHIP had been demonstrated to prompt PTEN nuclear shuttling (23) . We supposed that activation of AKT in CHIP Ϫ/Ϫ MEFs may be due to the nuclear translocation of PTEN. However, immunofluorescence assays showed no difference in subcellular location of PTEN between CHIP ϩ/ϩ and CHIP Ϫ/Ϫ MEFs (Fig. 5C ). To further explore the regulation of PTEN stability by CHIP in MEFs, we treated cells with MG132 and found that the protein level of PTEN was similar in CHIP WT and KO MEFs before and after treatment. The ubiquitylation assay also showed no difference in PTEN ubiquitylation between WT and CHIP Ϫ/Ϫ MEFs (Fig.  5B ). We tested the half-life of PTEN, and the results showed, compared with WT MEFs, that PTEN stability was unchanged in CHIP Ϫ/Ϫ MEFs (Fig. 5D ). Regarding phosphatase activity, CHIP ϩ/ϩ and CHIP Ϫ/Ϫ MEFs were similar ( Fig. 5E ). To investigate the influence of CHIP KO on AKT signaling, we treated WT and CHIP Ϫ/Ϫ MEFs with different concentrations of serum and found that CHIP Ϫ/Ϫ MEFs are more sensitive to low concentrations of serum (1%) than WT MEFs (Fig. 5F ), and an EGF stimulation assay also showed that absence of CHIP leads to slight activation of AKT signaling in MEFs ( Fig. 5G ) but has no effect on cell proliferation (Fig.  5H ). Collectively, these results indicate that CHIP depletion in mice has no effect on PTEN protein levels but slightly promotes AKT phosphorylation, indicating that there is a mechanism that CHIP physiologically regulates AKT signaling independent of PTEN.
CHIP/WWP2 double KO (DKO) mice show a similar elevation of PTEN levels as WWP2 KO mice
Because both CHIP and WWP2 are E3 ubiquitin ligases for PTEN, we speculated that CHIP and WWP2 have a synergistic effect on the degradation of PTEN. To verify this hypothesis, a CHIP/WWP2 DKO mouse model was generated. To avoid the influence of transient nutritional deficiency after birth on the AKT pathway, four phenotypes of mice were observed at E18. Compared with CHIP KO or WWP2 KO mice, CHIP/WWP2 DKO mice exhibited a smaller body size and lighter weight compared with CHIP or WWP2 KO alone (Fig. 6, A and B) , indicating a superimposed effect of CHIP and WWP2 DKO on embryo development.
We next attempted to probe the level of PTEN and AKT phosphorylation in WT, CHIP Ϫ/Ϫ , WWP2 Ϫ/Ϫ , and CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ MEFs. Both single depletion of WWP2 and combined depletion of CHIP/WWP2 resulted in a pronounced increase in PTEN level and decrease of AKT phosphorylation compared with WT and CHIP Ϫ/Ϫ MEFs (Fig. 6C ), suggesting that CHIP and WWP2 have no synergistic effect on PTEN regulation in vivo. Because deletion of CHIP in vivo causes a slight activation of AKT signaling, combined deficiency of WWP2 and CHIP also results in a little elevation of p-AKT (Ser-473) level compared with that in WWP2 Ϫ/Ϫ MEFs (Fig. 6C ). Similar to the results in MEFs, we also observed that the PTEN level was elevated and that the level of p-AKT (Ser-473) was decreased in the brain and liver tissues of WWP2 KO mice and CHIP/ WWP2 DKO mice (Fig. 6, D-G) . Therefore, these results suggest that CHIP and WWP2 do not have a synergistic effect on PTEN degradation but that WWP2 and CHIP might have a certain functional redundancy in development that still needs to be elucidated. As observed previously, CHIP KO in vivo led to elevation of p-AKT. The levels of p-AKT in the brain and liver of CHIP/WWP2 DKO mice are higher than in WWP2 KO mice ( Fig. 6, D-G) .
WWP2 plays a critical role in the degradation of PTEN in vivo
To further confirm that WWP2, but not CHIP, intrinsically ubiquitylates PTEN and controls its activity in vivo, we examined the ubiquitylation level of PTEN in four types of MEFs and found a remarkable decrease of PTEN ubiquitylation in WWP2 Ϫ/Ϫ MEFs and CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ MEFs compared with WT and CHIP Ϫ/Ϫ MEFs (Fig. 7A) . The halflife assay was performed to investigate the stability of PTEN in these MEFs, and we found that the stability of PTEN was enhanced in WWP2 Ϫ/Ϫ MEFs and CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ MEFs (Fig. 7B) . These results quite clearly highlight the capacity of WWP2, rather than CHIP, to ubiquitylate PTEN 
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in vivo, and there is almost no synergy in affecting PTEN stability under physiological conditions. We next tried to detect how the AKT pathway responds to different concen-trations of serum in these four kinds of MEFs. We found that, although the levels of p-AKT (Ser-473) and p-AKT (Thr-308) are low in four types of MEFs without serum stimulation, 
there is a delayed activation effect of AKT signaling in WWP2 Ϫ/Ϫ and CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ MEFs during a gradual increase in serum concentration (Fig. 7C ). This result was also confirmed by the EGF stimulation assay. The duration of AKT activation was shortened in WWP2 Ϫ/Ϫ MEFs and CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ MEFs (Fig. 7D ). All of these results highlight the critical role of WWP2 in the control of PTEN-mediated biological functions under physiological conditions.
Discussion
In contrast to a comprehensive understanding of PTEN regulation in cell lines, relatively little is known about modes of WWP2 physiologically degrades PTEN PTEN regulation in vivo. Although several ubiquitin ligases, including Nedd4-1, XIAP, WWP2 and CHIP, have been demonstrated to interact with and degrade PTEN in a variety of cell types in vitro, these results lack further validation in animal models, and the specific ubiquitin ligase(s) promoting PTEN ubiquitylation and degradation in vivo remain unclear. Here we revealed that WWP2 is an ubiquitin ligase and degrades the tumor suppressor PTEN under physiological conditions. Depletion of WWP2 in mice leads to elevation of protein levels and enhanced protein stability of PTEN and a similar phenotype as in PTEN Tg mice, including small body size and growth retardation. An ubiquitylation assay demonstrated that PTEN ubiquitylation is reduced in WWP2 Ϫ/Ϫ MEFs. Furthermore, functional studies indicated that WWP2 plays an important role in regulating AKT signaling and cell proliferation in vivo. Based on these findings, we speculated that WWP2 is an oncogene in vivo, and thus tumorigenesis should be suppressed in WWP2 KO mice. Given the fact that depletion of WWP2 leads to elevation of PTEN in mice, generation of a tumor-induced model should be further investigated.
Similar to PTEN transgenic mice exhibiting retarded growth, we found that WWP2 KO mice also show growth retardation and increased PTEN protein levels, and there could be some correlation. Studies have shown that the smaller body size of PTEN transgenic mice is mainly due to elevations in energy expenditure, which is regulated by repressing PI3K-Akt signaling and restricting glucose uptake (14) , and WWP2 has been reported to play critical roles in craniofacial development and cell self-renewal (25, 26). Collectively, in addition to increases in PTEN levels, we cannot rule out other factors that, caused by depletion of WWP2 in vivo, would lead to growth retardation of WWP2 Ϫ/Ϫ mice. More work needs to be done to reveal the reason why WWP2 knockout mice are smaller than their WT littermates.
Besides WWP2, we also used CHIP KO mice to analyze the status of PTEN. Upon testing PTEN levels in MEFs and tissues from CHIP WT and KO mice, we found that CHIP did not affect PTEN stability and ubiquitination in vivo. However, we found that the phosphorylation of AKT is enhanced in CHIP Ϫ/Ϫ MEFs compared with WT MEFs, although the PTEN level is unchanged. Recently, Tawo et al. (27) reported that CHIP deficiency leads to elevated levels of the insulin receptor, which may be the reason why the PTEN protein level remains unchanged whereas AKT signaling is activated in CHIP Ϫ/Ϫ MEFs and tissues. Using CHIP/WWP2 DKO mice, we also found that CHIP does not promote PTEN degradation syner-gistically with WWP2 in vivo, which further verified that WWP2 is an E3 ubiquitin ligase for PTEN in vivo. In addition, here we concluded that WWP2 and CHIP have no redundancy in regulating the level of PTEN protein in mice, but they may possess some functional redundancies in the regulation of mouse embryo development because CHIP/WWP2 DKO embryos were smaller than CHIP KO and WWP2 KO embryos (Fig. 6B) .
Except for Nedd4-1, which is a controversial physiological regulator of PTEN, the other identified ubiquitin ligases, including XIAP, WWP2, and CHIP, would be candidates for degrading PTEN in vivo. A previous study supported that XIAP could interact with PTEN and promotes mono-and polyubiquitylation of PTEN in MEFs, and the immunofluorescence assay indeed showed weaker nuclear immunostaining of PTEN in XIAP-deficient MEFs. We regarded XIAP as a nucleocytoplasmic shuttling regulator for PTEN in vivo; however, to find out whether XIAP affects the protein stability of PTEN and downstream signaling pathways in mice, more experimentation, even XIAP knockout mice, need to be analyzed.
Similar to another important tumor suppressor, p53, which is degraded by multiple E3 ligases, the protein stability of PTEN have been demonstrated to be regulated by Nedd4-1, XIAP, WWP2, and CHIP, suggesting that the regulatory mechanism of PTEN stability is complicated. Here we identified that WWP2 is a physiological ubiquitin ligase for PTEN and that it regulates its protein level. As for the other nonphysiological E3 ligases, they may regulate PTEN stability in the context of some specific tumor and cellular environments. Considering the fact that PTEN protein level is closely related to the occurrence and development of tumors (17) , our findings imply that WWP2 acts as a target for tumor therapy by fine-tuning the PTEN protein level.
Experimental procedures
Antibodies
Anti-STUB1 (ab134064, 1:2,000 dilution) and anti-WWP2 (ab103527, 1:500 dilution) were purchased from Abcam. Antiubiquitin (sc-8017, 1:500) was purchased from Santa Cruz Biotechnology. Anti-␤-actin (Ac026, 1:40,000) was purchased from ABclonal Technology. Anti-PTEN (9188, 1:2,000), anti-AKT (9272, 1:2,000), anti-pThr-308 -AKT (9275, 1:2,000), and anti-pSer-473-AKT (4060, D9E, 1:2,000) were purchased from Cell Signaling Technology. 
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Mice CHIP knockout mice and WWP2 knockout mice were kindly proved by Prof. Zhijie Chang and Weiguo Zou, and the knockout strategies and identification processes for these mice were described previously. The PTEN transgenic mice were generated by Cyagen Biosciences, and we adopted the same strategy for Super-PTEN mice. For transgenesis, a large genomic insert (218.50 kb) containing the entire PTEN locus and cloned into 
the BAC vector pBACe3.6 was isolated from a mouse BAC genomic library (BAC RPCI-23-215F15 clone, RPCI library, C57BL/6J). After digestion with EcoRI, linearized BAC DNA was used for microinjection into the pronuclei of fertilized oocytes derived from intercrosses between (C57BL/6 ϫ CBA) F1 mice. Transgenic mice were identified by PCR of tail-tip genomic DNA. The sense and antisense primers were 5Ј-GGC-CGCTAATACGACTCAC-3Ј and 5Ј-ATAAAATGACTTGC-CATTGGGT-3Ј, respectively. Amplification of the transgene resulted in a 446-bp PCR product. Mice were handled in strict accordance with the Guide for the Care and Use of Laboratory Animals and the Principles for the Utilization and Care of Vertebrate Animals, and all animal work was approved by the Institutional Animal Care and Use Committee at the Beijing Institute of Radiation Medicine.
Assays with MEFs
MEFs were isolated from E12.5 embryos and cultured in ␣-MEM supplemented with 10% fetal bovine serum and penicillin/streptomycin using standard techniques.
Protein half-life assay
For the PTEN half-life assay, MEFs were placed in 2-cm plates, reached about 70% confluence, and then were treated with the protein synthesis inhibitor cycloheximide (Sigma, 10 g ml Ϫ1 ) for the indicated duration before collection.
In vivo PTEN ubiquitylation assay
For the in vivo PTEN ubiquitylation assay, MEFs were treated with 20 M MG132 (a proteasome inhibitor, Selleck) for 8 h before being collected. The MEFs were washed with PBS, pelleted, and lysed in HEPES buffer (20 mM HEPES (pH 7.2), 50 mM NaCl, 1 mM NaF, and 0.5% Triton X-100) plus 0.1% SDS, 20 M MG132, and protease-inhibitor mixture. The lysates were centrifuged to obtain cytosolic proteins and incubated with anti-PTEN antibody for 3 h and protein A/G-agarose beads (Santa Cruz Biotechnology) for a further 8 h at 4°C. Then the beads were washed three times with HEPES buffer. The proteins were released from the beads by boiling in SDS-PAGE sample buffer and analyzed by immunoblotting using an anti-ubiquitin antibody (Santa Cruz Biotechnology).
Lentivirus infection
Lentiviruses carrying shRNA targeting PTEN lentiviral vectors (GV112) were from GeneChem. The viruses were used to infect cells in the presence of Polybrene. Forty-eight hours later, MEFs were cultured in medium containing puromycin for the selection of stable clones. Clones stably knocking down PTEN were identified and verified by Western blotting. The shRNA sequences were as follows: PTEN 1, 5Ј-GCGCTATGTGTAT-TATTAT-3Ј; PTEN 2, 5Ј-TGCAGATAATGACAAGGAA-3Ј; nontargeting control, 5Ј-TTCTCCGAACGTGTCACGT-3Ј.
Serum and EGF stimulation
For serum dose responses, MEFs were starved overnight and then cultured with ␣-MEM containing 0%, 0.1%, 1%, or 10% serum for 10 min. For EGF stimulation, MEFs were treated with serum-free ␣-MEM for 12 h before stimulation and, the next day, incubated with serum-free Dulbecco's modified Eagle's medium supplemented with EGF (50 ng/ml) for the indicated duration. MEFs were lysed, and protein extracts were prepared for immunoblotting.
Immunoblotting
Total cellular proteins were subjected to SDS-PAGE and electrotransferred to nitrocellulose membranes (Bio-Rad). Membranes were probed with primary antibody overnight at 4°C, followed by horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (Jackson ImmunoResearch Laboratories) for 1 h at room temperature. Detection was performed using Super-Signal West Femto TM substrate (Thermo Scientific).
Immunohistochemistry
The tissues were washed with PBS and fixed for 72 h with 4% paraformaldehyde/PBS at 4°C. The samples were dehydrated, embedded in paraffin, and sectioned into 3.5-m-thick transverse sections. The sections were deparaffinized, treated with 3% H 2 O 2 for 15 min, microwaved in 10 mM citric sodium (pH 6.0) for 15 min to unmask antigens, rinsed in PBS, and then incubated with rabbit polyclonal anti-p-AKT (Thr-308, Cell Signaling Technology, 1:500), anti-PTEN (Cell Signaling Technology, 1:200), and anti-Ki-67 (Abcam, 1:100) overnight at 4°C. The secondary antibody was incubated for 30 min at 37°C. Signal amplification and detection were performed using the diaminobenzidine system according to the manufacturer's instructions.
Fluorescence microscopy
To detect the subcellular localization and content of PTEN, after fixation with 4% paraformaldehyde and permeabilization in 0.2% Triton X-100 (PBS), cells were incubated with the indicated PTEN and PTEN antibodies (dilution 1:100, Cell Signaling Technology) for 8 h at 4°C, followed by incubation with TRITC-conjugated or FITC-conjugated secondary antibody (dilution 1:1,000, Life) for 50 min at 25°C. The nuclei were stained with DAPI (Sigma), and Figure 7 . WWP2, rather than CHIP, regulates PTEN stability and inhibits PI3K-AKT signaling in vivo. A, WT, CHIP Ϫ/Ϫ , WWP2 Ϫ/Ϫ , and CHIP Ϫ/ Ϫ WWP2 Ϫ/Ϫ MEFs were treated with MG132 for 6 h before harvest and then immunoprecipitated (IP) with PTEN antibody and immunoblotted (IB) with anti-Ub antibody. B, half-life analysis of PTEN in WT, CHIP Ϫ/Ϫ , WWP2 Ϫ/Ϫ , and CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ MEFs. MEFs were treated with cycloheximide (CHX, 20 g ml Ϫ1 ) and collected at the indicated times for Western blotting. Line graphs represent mean Ϯ S.D. (error bars) of band intensity obtained through densitometric quantitation from n ϭ 3 independent experiments (normalized to ␤-actin). The levels of PTEN protein were analyzed by two-way ANOVA with Bonferroni post-test (CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ versus WT: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; WWP2 Ϫ/Ϫ versus WT: #, p Ͻ 0.05; ##, p Ͻ 0.01; ###, p Ͻ 0.001; CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ versus WWP2 Ϫ/Ϫ : p Ͼ 0.05, not significant). C, four types of MEFs were treated with different serum concentrations and then immunoblotted with the indicated antibodies. D, WT, CHIP Ϫ/Ϫ , WWP2 Ϫ/Ϫ , and CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ MEFs were serum-starved and treated with EGF for the indicated duration; cells were collected for immunoblot analysis. Line graphs represent mean Ϯ S.D. (error bars) of band intensity obtained through densitometric quantitation from n ϭ 3 independent experiments (normalized to AKT). The levels of p-AKT(Ser-473) and p-AKT(Thr-308) were analyzed by two-way ANOVA (CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ versus WT: *, p Ͻ 0.05; WWP2 Ϫ/Ϫ versus WT: #, p Ͻ 0.05; ##, p Ͻ 0.01; CHIP Ϫ/Ϫ WWP2 Ϫ/Ϫ versus WWP2 Ϫ/Ϫ : p Ͼ 0.05, not significant).
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images were visualized with a Zeiss LSM 510 Meta inverted confocal microscope.
PtdIns(3,4,5)P 3 phosphatase assay
Cell lysates from the indicated MEFs were immunoprecipitated and subjected to native elution. Prechilled 0.1 glycine (pH 2.5) was used for 10 min at 4°C to elute immunocomplexes and further neutralized with 1 M Tris-HCl (pH 8). For phosphatase assays, a solution with 25 mM Tris-HCl (pH 7.5), 140 mM NaCl, 1 mM DTT, and 50 mM diC8-PtdIns(3,4,5)P 3 (Echelon) was prepared, and the assay ran at 37°C for 15 min. Free phosphate release was measured with malachite green reagent (Cell Signaling Technology, 12776S) according to the manufacturer's instructions.
RT-PCR and quantitative PCR
Total cell RNA was prepared using TRIzol reagent (Invitrogen) following the manufacturer's instructions. Five micrograms of total RNA was subjected to reverse transcription to synthesize complementary DNA using the First Strand cDNA Synthesis Kit (TOYOBO), and quantitative PCR was performed with the IQ5 system (Bio-Rad). PCRs were performed in 20l reaction volumes with SYBR Green PCR Master Mix (TOYOBO) and 0.2 M specific primers. The primer sequences used for all qPCRs were as follows: PTEN, 5Ј-ACAGGCTCC-CAGACATGACA-3Ј and 5Ј-ATGCTTTGAATCCAAAAAC-CTTACT-3Ј; actin, 5Ј-TCCTAGCACCATGAAGATCAAG-ATC-3Ј and 5Ј-CTGCTTGCTGATCCACATCTG-3Ј.
